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Abstract 

Inspired by the recent findings of the two Pf~ states in the J/ifp mass spectrum at LHCb, we investigate 
the elastic and inelastic cross sections of the J/ipN, rj c N, T N and y^N channels within the constraints 
from heavy quark spin and flavour symmetry. The (_£?(*) E?*-*) bound states predicted in earlier 

works should be accessible in elastic and/or inelastic processes of the J/tpN and/or y c N (T N and/or 775 AT) 
interactions. 

PACS numbers: 12.38.Lg; 12.39.Hg; 13.85.Lg; 14.20.Pt 
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I. INTRODUCTION 


Recently, the LHCb collaboration has reported the observation of two new P+ states jil], 
P c (4380) + , (r = 205 MeV) (denoted as P±) and P c (4450) + , (r = 39 MeV) ( P 2 ), which are found 
in the J /ipp mass spectrum of the A® —>• J/ ip K~p decays and consistent with pentaquark states. 
There are still some uncertainties in the LHCb analysis about the spin-parity J p quantum numbers, 
with the possible assignments (3/2 _ , 5/2 + ) respectively, or (3/2 _ , 5/2 + ), (5/2 + , 3/2“). What is 
nature of these two states? Soon after the experimental finding, they are considered as molecular 
states @-@l, but the molecular components are different among these works. Using the one-pion 
exchange model, Ref. [ 2 ] suggests that Pi is a D*P C molecular state with (/ = 1/2, J = 3/2) 
and Po D*P* C state with (/ = 1/2, J = 5/2). And, Pi is also interpreted as a D*P C state with 


(/ = 1/2, J p = 3/ 
sum rule frame [3j 

be a mixed state made of D*P C and D*P* C with I = 1/2, J p = 3/2^ b; 


) but P 2 as a D* A, 
The work of Ref. 


and DP,* mixture (I = 1/2, J = 5/2 + ) within the QCD 
based on the chiral unitary approach claims the P 2 to 


Dvthe analysis of the Aj, 

decays |6|, [7]]. Furthermore, with the formalism of an effective theory, Ref. [5j explains Pi and P 2 as 
the molecular candidates of DP* and D*P C , respectively. But, Ref. [<§] questions the explanation 
of the molecular state for these two new findings and suggest that they should be considered as 
multiquark configuration at the quark level. Following, these two states can be described as a five 
quark state of the diquark picture in the short range interaction at the quark level [[9 -11]. On the 
contrary, it is suggested that they could be just a kinematical effect (cusp effect) fl2- 14] generated 
from the triangle diagram singularity. Even though Refs. 12-141] conclude that the peaks are not 
real states but the singularity effect of the triangle diagram which leads to the cusp of the decay 
amplitudes, the authors of 12] comment with caution that the conclusion of the kinematical effect 
can be distinguished with the future experimental measurement of the XciP mass distribution in 
the process of A° —>• K~XciP- Later, the XdP component, making of the P 2 state, is investigated in 


the work of [15[ utilizing the Weinberg compositeness condition [16j and an interesting analogy to 
the scalar meson /o(980) is drawn. Even if there are different opinions on the structure of these two 
new states, one should keep in mind that both of them are found in the J/ipp mass spectrum. This 
is the motivation of the present work to look into the J /ip N cross sections, where N represents the 
nucleon. 

Due to the heavy quark masses of c, b, and the couplings not known in the heavy charm and 
beauty sectors, which lead to the symmetry breaking in the heavy sector, with some assumptions 
and extrapolations for the interaction Lagrangian, one can get some insight into the heavy charm 
and beauty baryons 17-21]. Working on the heavy sector, one should take into account the 
heavy quark spin and flavour symmetry 23-24], which has been applied to the heavy meson- 
meson interactions [ 25 I . 26 ] and heavy meson-baryon interactions fl/l [2p| . On the other hand, 
by assuming the SU(4) symmetry in charm sector, the works of [29H31I] have predicted several 
narrow N* and A* states in the hidden charm and hidden beauty sectors. Furthermore, combining 
the heavy quark spin symmetry (HQSS) and the extended local hidden gauge formalism 13-34], 


Refs. 35, |36|] obtain consistent results with the former predictions in Refs. [29M31I] but with extra 
predictions, summarized as a DP C (BP\/) bound state with (J = 1/2, / = 1/2), a DP* C (BP//) 
state with (J = 3/2, I = 1/2), a I = 1/2 D*P C (B*Pb) state degenerate in (J = 1/2, 3/2) and a 
/ = 1/2 D*P* C (B*P/) state degenerate in (J = 1/2, 3/2, 5/2), where the results of hidden beauty 
baryons are analogous to the ones in the hidden charm sector because of the heavy quark flavour 
symmetry. Based on these two works, we study the cross sections of the J /ip N and ij c N ( TN and 
r]bN) channels in the present work. In the next section, our formalism is presented. Then, we show 
our results. Finally, we finish with the conclusions. 
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II. FORMALISM 


Following the works of [351 . [36], we focus on the scattering amplitudes of the J/ipN and p c N 
(TJV and J^iV) channels. The scattering amplitudes are evaluated by solving the coupled channels 
Bethe-Salpeter equation under the on shell factorization 

T = [1-VG]- 1 


33439| 


V, 


(1) 


where the propagator G is a diagonal matrix with the loop functions of a meson and a baryon, the 
element of which is given by 

d A q 


Gn(s) — i 


2M, 


1 


(27r) 4 (P — q) 2 — M 2 + ie q 2 — m 2 + ie' 


( 2 ) 


where rrq, M l are the masses of meson and baryon in 1 th channel, respectively, q is the four- 
momentum of the meson, and P is the total four-momentum of the meson and the baryon, thus, 
s — p 2 Thg k erne i matrix V contains the interaction potentials which are derived from the 


35), [36[], we take the constraints from the HQSS 


Lagrangian. In the present work, following Refs, 
into account, thus, the elements of Vij for the (J = 1/2, I = 1/2) sector are given in Table HI and 


for the (J = 3/2, I = 1/2) sector in Table HT1 which are extrapolated to the hidden beauty sectors 
just by replacing the quark c —>• b for the corresponding mesons and c —>• b for the baryons. In 
Tables HI and HT1 the coefficients fi]. pk ( i,j = 1, 2, 3) and A 2 are the unknown low energy constants 
under the HQSS bases, which specify the isospin sector and can be related using 577(3) flavour 
symmetry. Note that all of them just depend on the isospin (/) sector and are independent of 
the spin J, which is a consequence of the HQSS constraints. The values of the coefficients are 
dependent on the model used. As discussed in the introduction, using the local hidden gauge 
formalism, we obtain their values for the two spin sectors 




+n> 


1*3 = 


— ik' 

4/-r 


+ k '°) 


1*12 


= -v / 6 


m r 


Pd* 


— m 


D* 


1 

4/F 


(fc u + fc /u ) 


( 3 ) 


hi = 0, 
A 2 = 1*3, 


1*23 = 0, 

1*13 = —1*12 


where pr>* and mo* are the four momentum and the mass of D* (for the hidden beauty cases 
just changing to the ones of B*), the pion decay constant, and k°,k'° are the energies of the 
incoming and outgoing mesons (for the vector mesons, we have ignored the factor ee'). Of course, 
these are only the lowest order interactions and eventually higher order terms need to be taken 
into account. For a first estimate has given here, such an approach is, however, justified. 

In the present work, we investigate the J /'ip N and rj c N (T N and rj^N) channels by evaluating 
their cross sections. Using the optical theorem, we obtain 

Mat 


®tot 


Jp cm 


V~s 


-Im T 


J/ipN—tJ/ipN , 


( 4 ) 


where is the momentum of J/ip in the center mass frame and Mn the mass of nucleon, and 
one defines the elastic cross section 

1 


Gel — 


A/* ^ 


47T s 


\Tj/4>n^j/4>n\' 


( 5 ) 
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TABLE I: The elements I4j 

corresponding to the channels 

in the J = 1/2, 

7=1/2 sector. 

VcN 

J/i/jN 

DA C 

DY C 

D*A C 

D* E 0 

D*Y* 

1*1 
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2 

col 

a/3/712 

2 
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2 >/3 

y§M 13 


Mi 

V / 3Mi2 
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M 12 

5M13 
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2 

2v*3 

2 

6 

3 



M2 

0 

0 

M23 

V3 

\/i^ 23 




4 ( 2 A 2 + M 3 ) 

M23 

x/3 

2 (A 2 —^ 3 ) 

3 ^ 

- A 2 ) 





M 2 

2/723 

3 

\/2/723 

3 






1(2A 2 + 7/i 3 ) 

|a/2(m3 - A 2 ) 







4(A 2 + 8 / 13 ) 


TABLE II: The elements V,j corresponding to the channels in the J = 3/2, 7=1/2 sector. 







J /if) N 

D*A C 

D*Y C 

DY* 

D*Y* C 


M13 

/713 

V5M13 

3 

Vs 

3 

M23 

M23 

\/5/723 

3 

v*3 

3 

4(8A 2 + /i 3 ) 

A2—M3 

3V* 3 

^\/5(m3 — A 2 ) 


g(2A 2 + /i 3 ) 

3 ^ — M3) 



7(4A 2 + 5/i 3 ) 


where Y stand for sum and average over the spins of the nucleons and J/?/>. Hence, the inelastic 
cross section is given by 


G y 


— ^tot ®el 

m n 


pJ/'P rz 

1 cm V d 


Im T 


1 Ml 


J/ipN^-J/ipN 


N 


47T s 


EE \Tj/i!)N^j/4<nY 


( 6 ) 


III. RESULTS 


Using the coupled channel approach, all the channels that we are concerned with can be seen 
in Tables HI and HT1 are r] c N, J/'ipN, DA C , DY C , D*A C , D*Y C , DY*, D*Y* for the hidden charm 
sector (J = 1/2, 3/2), and %1V, TIV, BA^, BY^, B*Aj,, B* 53^, 7?E£, B* Ejl for the hidden beauty 
sector (J = 1/2, 3/2). Then, with Eqs. (P), 0), © and ©, we can evaluate the scattering 
amplitudes and the cross sections. We show our result of hidden charm in the J = 1/2, 7 = 1/2 
sector in Fig. [I] In the left of Fig. P we have reproduced the results of [35], where the three 
predicted bound states are clearly seen in the squares of the scattering amplitudes for the channels 
DY C , D*Y Cl D*Y* C respectively, with the masses 4262 MeV, 4410 MeV, 4481 MeV and the widths 
35 MeV, 58 MeV, 56 MeV respectively. These three states are also seen in the total and elastic 
cross sections of the J/^N channel, seen in the middle of Fig. P Interestingly, the second state 
of D*Y C can not be found in the inelastic cross section, which means that this state would not be 
seen in the inelastic process and coincides with the fact of the experimental finding for only two 
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FIG. 1: Results of the J = 1/2, I = 1/2 sector with hidden charm. Left: Modulus squared of the amplitudes. 
Middle: The total (dash/black line), elastic (dot-dash/blue line) and inelastic (solid/red line) cross sections 
of the J/ipN channel. Right: The total, elastic and inelastic cross sections for the r] c N channel. 



Vs" [MeV] 


£ 



a tot . 

A 

ft 

i 1 

CT el - 

/ ! 

A 

| S I 

I \ 

/ t j 


\ / \ J 


. n N— / ■ . . ^ 

■ / '-- 


4400 4500 

Vs" [MeV] 


FIG. 2: Result of the J = 3/2, 7=1/2 sector with hidden charm. Left: Modulus squared of the amplitudes. 
Right: The total (dash/black line) and elastic (dot-dash/blue line) cross sections of the J/ipN channel. 


Pp~ states found in the J/ipp mass spectrum in Ref. [l], Note that our results do not take into 
account any background and the theoretical uncertainties. Even though we find three states in the 
two-body scattering, when we look into the inelastic scattering cross section, only two of them can 
be found. The results of Ref. |40j reveal that the peak seen in the inelastic cross section would be 
destroyed by the Fermi motion of the nuclear tar get . But, these peaks can also be looked for in 


other inelastic processes, like decay model of Ref. flj. Thus, we suggest that our predicted states, 
DTi c and D*T,*, could be looked for in other inelastic processes of the J /ip N final state. When we 
look at the cross sections of the r] c N channel in the right of Fig. [I] the state of 77*E C is still missing 


in the total and elastic cross sections since it couples to rj c N channel weakly [35], and the state of 
D* E* disappears in the inelastic cross section. To summarize, we find that only one of the DT, C is 
found in both the inelastic scattering of the J /ip N and rj c N final state interaction, the second one 
just can be seen in the the elastic scattering of the J/ipN interaction, and the one of Z)*E* can 
be looked for in the inelastic scattering of the J /ip N interaction and elastic scattering of the rj C N 
channel. 

The results of hidden charm in the J = 3/2, / = 1/2 sector are shown in Fig. [2j The three 
predicted states jfL5] are seen in the clear peaks of the modulus squared of the amplitudes in the left 
panel of Fig. [2l which are a bit below the thresholds of l)E*, Z)*E C , Z)*E * channels, respectively, 
with the masses 4334 MeV, 4417 MeV, 4481 MeV and the widths 38 MeV, 8 MeV, 35 MeV re¬ 
spectively. The structures of the three peaks corresponding to these states are also seen in the 
total and elastic cross sections of the J/ipN channel in the right panel of Fig. (2[ where we find that 
the total cross section is essentially given by the elastic one. Therefore, these three states could 
only be found in the elastic processes of the J/ipN interaction. 

With the heavy quark flavour symmetry and using similar dynamics of the interaction po¬ 
tentials, we extrapolate our formalism into the hidden beauty sector. Our results are shown in 
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FIG. 3: Result of the J = 1/2, I = 1/2 sector with hidden beauty. Left: Modulus squared of the amplitudes. 
Middle: The total, elastic and inelastic cross sections of the TN channel. Right: The total, elastic and 
inelastic cross sections for the rjbN channel. (Analogous to Fig. [T]) 



FIG. 4: Result of the J = 3/2, I = 1/2 sector with hidden beauty. Left: Modulus squared of the amplitudes. 
Right: The total, elastic and inelastic cross sections of the TN channel. (Analogous to Fig. [2J 


Figs. [3] and [5] for the sectors of J = 1/2, / = 1/2 and J = 3/2, / = 1/2 respectively. In the left 


panel of Fig. [3[ the predicted states of Ref. 


have been reproduced in the scattering ampli¬ 


tudes of the BY),, B*Y),, B*Y^ channels, respectively, where the masses of these three peaks are 
10961 MeV, 11002 MeV, 11023 MeV and the widths are 12 MeV, 26 MeV, 28 MeV, respectively. 
All of them appear as resonant structures in the total and elastic cross sections of the T1V channel 
in the middle panel of Fig. (3[ where the peak for the third state is nearly washed out. We also find 
that the second peak is enhanced since it couples to Y1V channel strongly [jii ]. which leads to an 
elastic cross section larger than the total one determined by Eq. Therefore, in the inelastic 
cross sections, analogous to the hidden charm sector, the second one disappears and only the other 
two keep showing up. For the cross sections of the rjbN channel, shown in the right panel of Fig. [3l 
like the results for hidden charm, only the first one and the third one show up in the total and 
elastic cross sections since the second one of the B*Y), couples to the r/ftiV channel weakly [36], and 
only the first one survives in the inelastic cross sections. Thus, we can see that the BY,), bound 
state can be found in both of the TN and r^lV final state interactions with elastic and inelastic 
processes. The second one of B*Y), only can be seen in the TN elastic process. And the state of 
B*Y^ can be found both elastic and inelastic process of the TN interaction. 

In the left panel of Fig. |4j one finds three peaks below the thresholds of BY^, B*Y),, B*Y^, 
respectively, with the masses 10981 MeV, 11006 MeV, 11022 MeV and the widths about 


14 MeV, 4 MeV, 17 MeV accordingly, which are consistent with Ref. [36]. These structures 


of the resonant peak are also found in the total and elastic cross sections, shown in the right panel 
of Fig. 01 but surprisingly the total cross section determined by the optical theorem, Eq. ®, is 
smaller than the elastic one because of the large momentum transfer in the TN channel which 
reduces the total cross section. Therefore, the three predicted states in Ref. 
the elastic TN final interactions. 


36] can be seen in 
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IV. CONCLUSIONS 


We have investigated the elastic and inelastic cross sections of the J/iftN, rj c N, T N and rjf,N 
channels using an extended local hidden gauge formalism supplemented with constraints from h eavy 
quark spin and flavour symmetry. The predicted bound states in the earlier works of Refs. [351.136]. 
DY C , D*Y C , Z1E*, D*Y* C and BY,},, B*Yb, BYl, B*Yl with spin J = 1/2, 3/2, should appear in elas¬ 
tic and/or inelastic final-state interactions of the J/ipN, rj c N and T N, r]t,N channels, respectively. 
Clearly, these are only rough estimates due to the various approximations entering the formalism 
used. Note also that the hidden beauty states have already been discussed in Refs. HEH. Fur¬ 
thermore, since we work in the isospin bases, for experimental searches it is advisable to look for 
the predicted states with isospin / = 1/2 in the J/ip p/n, r) c p/n , T p/n and rjb p/n ( p/n are the 
proton and neutron) elastic or inelastic interaction processes in the future, where the predicted 
neutral partners P c ° jToj] of the P c + states [1] may be found in these processes. 

Note added: Not soon later, Ref. jJi] also predicts a B*Yb state Pb, which can be looked for in 
the T p channel. 
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